Abstract. This study analyses variations in the carbohydrate and protein concentrations of dissolved and particulate phases in samples of Lobo Reservoir water (Sao Paulo, Brazil) collected at ~2 week intervals (April 1989-March 1990 over a 1 year period. Carbohydrate concentrations were measured by the MBTH (3-methyl 2-benzothiazolinone hydrazone) method and protein concentrations by the Lowry assay. Concentrations of particulate organic carbon (POC), total particulate carbohydrates (TPCHO), water-soluble particulate carbohydrates (SPCHO) and particulate proteins (PPROT) ranged between 2.15 and 3.6,0.40 and 1.90,0.63 and 2.14 and 0.18 and 0.88 mg I 1 , respectively; and the TPCHO/PPROT ratio was elevated (between 0.75 and 5.8). TPCHO variations reflected those of SPCHO, whereas PPROT showed much less variation. All these results are indicative of a carbohydrate-oriented metabolism. Concentrations of total dissolved carbohydrates (TDCHO) and proteins (DPROT) varied considerably between 0.26 and 1.74, and 0.28 and 2.91 mgl" 1 , respectively. Dissolved combined carbohydrates (0.13-1.55 mg I" 1 ) were more abundant then dissolved free monosaccharides (0.07-0.36 mg 1"' ). which showed little variation. The phytoplankton community ranged between 10 608 and 60 619 cells ml 1 , with Bacillariophyceae, Chlorophyceae and Cyanophyceae being the most abundant classes. Most regression analyses between biochemical variables (TPCHO, SPCHO, TDCHO, DPROT) and phytoplankton cell numbers were not significant, whereas the phytoplankton community appeared to play an important role for dissolved and particulate carbohydrates, but less for PPROT.
Introduction
In ecological studies of aquatic environments, protein and carbohydrate assays are well-established techniques (Birge and Juday, 1934) since these compounds play an important role in the aquatic food web. In the past, most studies were carried out at sea or in estuaries (Dawson and Liebezeit, 1981) . Those dealing with freshwater are more recent and have been conducted mainly in rivers (Ittekkot et al., 1982a,b; Degens etai, 1991) and occasionally in lakes (Hama, 1983; Munster, 1984 Munster, , 1985 Ochiai et al., 1986; Satoh et al., 1986; see also Tables III and IV) , although never in tropical lakes. Studies of dissolved organic matter (DOM) in lakes have recently been reviewed by Munster and Chr6st (1990) .
In natural waters, carbohydrates and proteins may occur in particulate form (PCHO and PPROT, respectively) as constituents of suspended matter (bacteria, phytoplankton, zooplankton and detrital particles) or in dissolved form. Dissolved carbohydrates (DCHO) can be found as free monosaccharides (DFMCHO), oligosaccharides and polysaccharides or bound to humic substances. These last two bound forms are usually measured together as combined carbohydrates (DCCHO).
Carbohydrates as well as proteins may be produced in situ or brought by soil washing. In the paniculate fraction, most paniculate organic matter (POM) is detrital (Fabiano et al., 1984) , although phytoplanktonic carbon (PhytoC) may sometimes be very high (Smetacek and Hendrickson, 1979) . In the dissolved phase, it is generally agreed that most DOM is refractory (Munster and Chrost, 1990) , but variations can originate from phytoplankton by grazing (Nagata and Kirchman, 1992; Peduzzi and Herndl, 1992) , leaching or excretion (Wood and Van Valen, 1990) .
The relationships between the phytoplankton community and PCHO, PPROT, DCHO and dissolved proteins (DPROT) have not often been studied in tropical freshwaters, especially in lakes which are much less influenced by floods than rivers and where physical variables (temperature, light) are less affected by seasonal changes than in temperate areas. For this reason, we undertook a year-round survey (April 1989 -March 1990 of PPROT, PCHO, DPROT and DCHO concentrations in a tropical lake (Lobo Reservoir, Sao Paulo State, Brazil) , together with an analysis of the phytoplankton community (F.Striquer-Soares, in preparation). Lobo Reservoir has already been studied for its phytoplankton community and ecology (Tundisi, 1977; Hino, 1979; Watanabe, 1981) . Toledo etal. (1977) also performed measurements of soluble carbohydrate concentrations in plankton using the anthrone method.
Method

Study site
Lobo Reservoir (also known as Broa Reservoir) is located in the centre of Sao Paulo State, Brazil (22°10'S; 47°54'W) at an altitude of 705 m. It is a small (6.8 km 2 ), shallow (average depth 3 m; maximum depth 12 m) oligotrophic artificial lake constructed in 1936. Water temperature ranges from 18 to 26°C without stratification. The dissolved oxygen concentration is always high (80-100% of saturation), inorganic phosphate, total phosphate, nitrite and nitrate are low, thus nutrient limitation of primary production occurs. Chlorophyll concentrations are between 5 and 15 mg nr 3 . The local climate is subtropical with dry and windy winters, and wet summers (average precipitation 1300 mm year 1 ). Precipitation (nutrient input) and winds (sediment resuspension) are the two most important climatological factors which regulate primary production. For a more detailed description of this lake, see Tundisi and Matsumura-Tundisi (1995) .
Water samples
Water samples were collected at 2 week intervals in the Lobo Reservoir, from April 25,1989 to March 27,1990 . They were always obtained just below the surface near the dam at around 9:30 a.m. (local time), filtered immediately through a Whatman GF/C filter (pre-combusted at 400°C for 4 h, handled with forceps and wrapped in aluminium foil). The filters and filtered waters were then freeze-dried 522 Downloaded from https://academic.oup.com/plankt/article-abstract/18/4/521/1490999 by guest on 06 January 2019 and stored in flasks in vacuo for preservation until analysis was performed at the Laboratoire de Biologie Marine (University of Nantes, France).
Analytical techniques
Paniculate organic carbon (POC) was measured after freeze-drying by a dry oxidation procedure at 1000°C with a Carmograph 12A, at the University of Sao Paulo. Paniculate proteins (PPROT) and dissolved proteins (DPROT) were determined according to the method of Lowry et al. (1951) , and carbohydrates by the MBTH (3-methyl 2-benzothiazolinone hydrazone hydrochloride) method (Burney and Sieburth, 1977; Johnson and Sieburth, 1977) as described by Dawson et al. (1983) . In our hands, the detection limit was 100 \x.g I 1 . Dissolved free monosaccharide (DFMCHO) concentrations were measured after redissolution in a known volume of water, in such a way that the concentration factor was around 10. Total dissolved carbohydrate (TDCHO) concentrations were determined after hydrolysis with HO (0.5 N; 100°C for 4 h). TDCHO minus DFMCHO gave dissolved combined carbohydrates (DCCHO).
Filters for water-soluble paniculate carbohydrate (SPCHO) assays were suspended in 10 ml of Milli-Q water, crushed with a glass stick, shaken in an ultrasound bath for 40 min and maintained at 100°C for 1.5 h. After cooling, samples were centrifuged and the supernatant removed with a pipette. This process was repeated twice before the three extracts were combined for total volume measurement. Hydrolysis and carbohydrate measurements were subsequently performed as previously described.
After centrifugation and SPCHO extraction, the precipitate was freeze-dried for insoluble paniculate carbohydrate (IPCHO) assays. Hydrolysis was performed in two steps: pre-treatment with 1 ml of 72 w/w % H 2 SO 4 for 2 h at room temperature, followed by dilution with pure water to 1.2 N and further hydrolysis at 100°C (4 h). Mopper (1977) has shown that such pre-treatment, used by soil and wood chemists, gives a much better hydrolysis yield. Total paniculate carbohydrates (TPCHO) were obtained by addition of SPCHO and IPCHO.
For PPROT, filters were crushed with a glass stick in 1 ml of Milli-Q water; Lowry assays were then carried out as recommended by Moal et al. (1985) with centrifugation performed just before absorbance reading at 750 nm, so proteins were solubilized by the alkaline copper reagent. Other experimental conditions were as described in the original paper (Lowry et al., 1951) . Bovine serum albumin (BSA) was used as a standard. The lowest concentration which can be measured by this method is 25 mg I" 1 . Total phytoplankton analysis was carried out under a Wild inverted microscope in the Limnology Laboratory of the Sao Carlos Federal University, Brazil, using the Utermohl sedimentation method according to Hasle (1978) .
Results
POC concentrations displayed only low variations around the mean value of 2.83 mg I" 1 (between 2.15 and 3.75 mg I" 1 ; see Table I ). Concentrations of TPCHO, SPCHO and IPCHO ranged between 0.63 and 2.14 mg I-1 for TPCHO, 0.40 and 1.90 mg I 1 for SPCHO, and 0.11 and 0.68 mg I 1 for IPCHO (see Figure 1 and Table I ). TPCHO variations were almost entirely due to SPCHO. For SPCHO, a first peak occurred in July and a second, much higher one, in October when values were almost three times the average. A third peak occurred on January 30. IPCHO concentrations varied less, being almost constantly low during the second part of the study (0.11-0.33 mg I" 1 ) compared to levels from the beginning of the study until August (0.46-0.68 mg I" showing an average value of 0.50 mg H and a standard deviation (SD) of 0.17. However, low concentrations were noted near the beginning of the study and on November 21 and December 5, after which they increased again, reaching their highest levels at the end of the study. The only peak concomitant with those observed for TPCHO occurred on January 30. 
which were not abundant at the beginning and end of the study. Chlorophyceae, on the contrary, decreased from autumn (April 25) to the beginning of summer (November 21) and then increased. Cyanophyceae were never abundant, except on March 27 (last maximum). The three microphyte classes were dominant in the phytoplankton community. During the first part of the study (until December 5), they accounted for 50-80% of the total phytoplankton population, but then decreased to <50% (except on March 27). Table III ). More elevated concentrations have been reported only in highly turbid waters (Ittekkot and Laane, 1991; Zhang et al., 1992) . In seawater, values are usually much lower (e.g. Handa and Yanagi, 1969; Fabiano et al., 1984) .
PCHO levels in Lobo Reservoir were rather high. Few higher concentrations have been reported elsewhere, and generally in turbid waters (see Table III ). However, results obtained by different methods should be compared with caution. The tendency toward higher values was not confirmed for PPROT, which showed values similar to those reported in other freshwater environments (see Table III ). Consequently, the percentage of PPROT in POC was rather low (3-13%) compared to levels measured elsewhere. For 13 of the major world rivers, Ittekkot and Laane (1991) reported a PPROT/POC ratio of around 30% when turbidity is not too high (total suspended matter <50 mg I 1 ). Similarly, Zhang et al. (1992) found 20-25% in the Huanghe River and Ochiai et al. (1988) 26-37% in the Tama River. These results were obtained after acid hydrolysis of POM, so both soluble and insoluble proteins were measured. In our study, only alkali-soluble proteins were quantified, consequently PPROT could be underevaluated, but probably that cannot explain the very low PPROT/POC values found in the present study. The PCHO/PPROT ratio was elevated (0.8-6.4), higher than in the Parana" River (0.3-1.4; Kempe and Depetris, 1992) , except at the mouth of the Iguazu, and much higher than in the Huanghe River (0.17-0.78; Zhang etal., 1992) or the Tama River (0.27-0.64; Ochiai et al., 1988 Ochiai et al., , 1989 . However the proportion of labile POC (LPOC = PCHO + PPROT) in POC (a measure of POC freshness) was similar (15-47%; average 23.5%) to that observed (10-45%) in most rivers (Ittekkot, 1988) . SPCHO content in POC (another evaluation of POC freshness; Liebezeit and Bolter, 1991) was in the 5.5-30% range, in accordance with results obtained by Handa and Yanagi (1969) in surface waters of the Northwest Pacific Ocean (19-36%). Hama (1983) also found high values (30-40%) in Lake Suwa and lower values (5-10%) were reported for Kinu-ura Bay (Hama and Handa, 1992 ) in a diel variation study. Liebezeit and Bolter (1991) reported much lower values (0.33-4.6%) for the Antarctic Ocean (Bransfield Stait). For them, this result 'appears to be related to the high ambient nutrient concentrations, which favour synthesis of organic nitrogen compounds' (at the expense of carbohydrates). It may be concluded, from these results, that Lobo Reservoir is characterized by carbohydraterich but protein-poor POM. Concerning DOM, TDCHO concentrations in Lobo Reservoir were in the usual range (Ittekkot et al., 1982a; Miinster and Chr6st 1990 ; see also Table IV ). The concentrations of DPROT in Lobo Reservoir were rather high. DPROT concentrations in rivers rarely reach 1.5 mg I" 1 (Ittekkot et al., 1982a ) and the few reports for lakes usually show concentrations lower than those found in this study (Miinster and Chr6st 1990 ; see also Table IV ). In most of the studies cited here, DPROT were measured as dissolved combined amino acids (DCAA) after hydrolysis with aqueous 6 N HC1. A recent study (Keil and Kirchman, 1993) showed that this technique gives similar results (r = 0.77; slope = 1.2) to those obtained with the BCA assay (also known as the Smith assay). On the other hand, Berges et al. (1993) have shown that Lowry and Smith assays give essentially the same results. Consequently, valid comparisons can be made between concentrations of DCAA and DPROT (measured by the Lowry method as in our study). For DOM, Lobo Reser- voir showed an unusual pattern with high DPROT content and rather low DCHO levels. The situation was exactly the inverse for POM.
Relationships with the phytoplankton community
At sea, the phytoplanktonic contribution to POM is rather low: in the 20-30% range (Fabiano et al., 1984) . However, there are very few data available for lakes (Hama, 1983) . In our study, the sampling site was chosen near the dam, in the deepest area (12 m) in order to minimize the influence of land import (by rivers) and sediment resuspension (by wind; Simonato, 1986) . Surprisingly, there was a significant correlation between POC and total cell numbers (r = 0.57; n = 24; P< 0.005). Simon and Tilzer, 1987), a mesotrophic lake located in a temperate area, probably because seasonal variations are much less pronounced in tropical areas. Most other biochemical parameters (TPCHO, SPCHO, LPOC) more dependent on primary production were not correlated with cell number. This does not indicate an absence of phytoplanktonic effect on POM biochemical composition, but rather complex and/or delayed relationships highly dependent on the ecological conditions of phytoplankton growth. Concerning sugars, as pointed out previously, TPCHO variations were mainly due to SPCHO. This result rules out an allochthonous origin of TPCHO variations because detrital PCHO cannot contain a high proportion of SPCHO (mainly constituted of storage carbohydrates). On the contrary, IPCHO was probably detrital in high proportion, given the low variations found especially during the second part of this study (see above), even though diatoms bloomed several times during this period. Only Chlorophyceae seem to have had an influence on IPCHO since the highest IPCHO concentrations were found when Chlorophyceae were abundant (from April to August) and a significant correlation was found between IPCHO and cell counts of Chlorophyceae (r = 0.50; n = 25; P < 0.01). These results are in agreement with the fact that Chlorophyceae have an insoluble cellulose cell wall and Bacillariophyceae a silica cell wall (Lee, 1980) . Although SPCHO should be more related to the presence of living phytoplankton, the absence of any correlation is attributable to the fact that SPCHO are more dependent on the physiological state of phytoplankton cells than on cell number. At the end of a sunny day, Hama and Handa (1992) found three times as much waterextractable carbohydrate as in the early morning among a natural phytoplankton Hama (1983) Present study Handa and Yanagi (1969) Hama and Handa (1992) population in Kinu-ura Bay. Pirastru (1994) reported almost six times as much glucose in the evening as in the morning during a monospecific bloom produced in a large tank (100 m 3 ). We always collected samples at the same time to minimize these diel variations. However, it was impossible to eliminate them and the small erratic fluctuations observed from November 1989 to March 1990 were obviously due to this problem. The high SPCHO concentrations observed in October, after the breakdown of the phytoplankton bloom in September, were due to a senescent population of Bacillariophyceae rich in storage carbohydrates (Myklestad, 1974) . The same explanation accounts for the first maximum in July. No satisfactory explanation can be given for that of January 30 since all parameters increased without any clear relationship with phytoplankton, probably due to a sampling problem. These results, together with the high PCHO/PPROT ratio, indicate that ecological conditions in Lobo Reservoir favour carbohydrate production.
It was noted above that PPROT concentrations showed little variation around an average value of 0.5 mg I 1 , indicating that most of the so-called PPROT was detrital. A low correlation (r = 0.39; n = 25; P < 0.1; [PPROT] = 5.55 (± 2.7) x lO-^Phyto] + 0.33(± 0.16); [PPROT] in mg I 1 ; [Phyto] in cells ml 1 ) was found with phytoplankton cell counts and a higher one (r = 0.75; n = 10; P < 0.02) with Chlorophyceae between December and March when Chlorophyceae again became dominant. Chlorophyceae, which are known to be protein rich, are the only class really able to modify the POM protein content. In other environments,
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Downloaded from https://academic.oup.com/plankt/article-abstract/18/4/521/1490999 by guest on 06 January 2019 few direct relationships have been reported between PPROT and phytoplankton. In the upper part of the Tama River (a eutrophic urban river), Ochiai et al. (1988 Ochiai et al. ( , 1989 found that most paniculate amino acids (PAA) were allochthonous. In many rivers, PAA increase with discharges, at least during the 'initial phases of rising water' (Subramanian and Ittekkot, 1991; Zhang et al., 1992) , suggesting that most PAA are detrital. Kempe and Depetris (1992) showed that PAA in the Parana River derived mainly from phytoplankton, bacteria and plant debris, but did not distinguish between them. Conversely, Fabiano et al. (1984) found a significant correlation between PPROT and chlorophyll in the Ligurian Sea. For Zhang et al. (1992) , organic matter in the Huanghe River was mostly autochthonous during the low-discharge dry season. Ittekkot and Arain (1986) drew a similar conclusion for the Indus River. Thus, it would seem that the origin of PPROT is highly variable. Our results for Lobo Reservoir are rather in favour of a detrital origin (a mean value of 0.33 mg I 1 may be deduced from the y-intercept of the regression line) even though the phytoplankton population was high (but protein poor).
Dissolved carbohydrates from the phytoplankton community may be produced by active excretion from living cells (Vieira and Myklestad, 1986) or by dead cell lysis. In the latter case, Matsunaga (1981) noted that soluble carbohydrates are quickly released, followed by slow dissolution of insoluble carbohydrates, during decomposition of Fragilaria sp.
According to many authors, dissolved carbohydrate concentrations at sea or in lakes can vary considerably in a day's time (increasing during the day and decreasing at night), with variable amplitude [Burney (1986) and cited references; Mtinster (1984) ]. According to all these authors, many variations are due to light phytoplanktonic release and dark bacterial consumption. Some of these variations can result from hydrological disturbances and the patchiness effect. When these factors are minimized, lower variations are measured (<50%; Burney, 1986) . In our case, short-term variation effects were reduced by always collecting samples at the same time and place (where hydrodynamics was low).
DFMCHO concentrations showed little variation around the mean value of 0.24 mg \-\ Similar constancy was noted by Miinster (1985) in Lake PluBsee or at sea by Pakulski and Benner (1994) . Two hypotheses may explain these results: (i) concentrations of DFMCHO (very easily used by microheterotrophs; Lancelot, 1984) remain at a constant low level close to the 'threshold concentrations' determined by the transport systems of the microheterotrophs (Jannasch, 1970) ; (ii) DFMCHO (as measured by the MBTH method) indeed represent a carbohydratelike fraction bound to 'refractory DOM' (humic substances) (Senior and Chevolot, 1991) . The two explanations are not mutually exclusive, but the second one may explain some surprising results, such as the relatively high DFMCHO concentrations (0.72 u.M) found in deep ocean [Pakulski and Benner (1994) and references cited therein]. It seems inconsistent that DFMCHO concentrations were similar to those of DCCHO (much more slowly usable). On the other hand, DFMCHO concentrations were often established to be very low (see Table IV ) when they were measured by gas chromatography (Stabel, 1977; Sweet and Perdue, 1982) . In fact, few good data are probably available for this fraction because global methods are not specific and chromatographic ones require extensive pre-531 analysis treatments causing profound modifications. A new sensitive method should provide more realistic results (Mopper et al., 1992) . Conversely, DCCHO variations (from 0.13 to 1.6 mg 1~' ) were probably related much more to phytoplankton, although no direct correlation could be demonstrated. The very high DCCHO maximum, which started in October (when the SPCHO maximum was reached) and culminated in November, was probably due to carbohydrate production (by lysis or excretion) from the aged cells observed in October (see Figures 1,3 and 4) . The first and lower maximum in June could have been due to an old Chlorophyceae population (for which the maximum occurred before the beginning of the study). Senior and Chevolot (1991) found a significant correlation between TDCHO and phaeophytin, and Ittekkot etal. (1981) reported a maximum concentration of TDCHO toward the end of a bloom. Similarly, Chrost et al. (1989) found that TDCHO increased a few days after phytoplankton cell density maxima. Satoh et al. (1986) observed a good inverse correlation between TDCHO and nitrate. Vieira and Myklestad (1986) also reported that nitrogen depletion caused an increase in the production of dissolved extracellular carbohydrates (per cell) in an axenic monospecific culture of Ankistrodesmus densus. All these reports show that DCHO are more intensively produced by an aged population growing in conditions of nutrient deficiency.
Indeed, Wood and Van Valen (1990) have suggested that active excretion is a conditional process which occurs mainly when there is an imbalance between excessive light and lack of nutrients, but in most studies it is not easy to know what is due to excretion and what is due to lysis. Our results, in accordance with most other reports, show that DCHO were mainly produced as DCCHO by senescent algae. Meanwhile, in the present study, the TDCHO maximum lasted for several weeks after the maximum phytoplankton population, whereas in most other studies such TDCHO maxima were much shorter (e.g. Chrdst et al., 1989) . Consequently, TDCHO in our study were not used quickly by heterotrophs, probably because they were composed of relatively refractory carbohydrates. According to Sundh (1992) , bacterial utilization of photosynthetically produced DOM is highly variable from lake to lake and from time to time. Obviously, this depends on the nature of carbohydrates produced by different phytoplankton communities. According to this author, carbohydrates (even as low-molecular-weight components) are sometimes 'utilized slowly or not at all'. This result conflicts with that obtained by Stabel (1977) who found that carbohydrates (measured by gas chromatography) were completely used in 96 h. This discrepancy might be explained by the fact that carbohydrates were quickly transformed into slowly usable humiclike matter, as shown by Tranvik (1993) . So GC-identifiable sugars may be found only at low concentration, while carbohydrate-like substances may be present in much higher quantities. Indeed, several studies support such a hypothesis. Keil and Kirchman (1993) found that most DPROT are similar to glycosylated proteins. Many authors (Sweet and Perdue, 1982; Miinster, 1984; Senior and Chevolot, 1991) concluded from studies carried out in various environments that a significant part of DCHO is humic bound. This could account for the discrepancy often reported between the observed and the calculated availability of carbohydrates (Gocke et al., 1981; Minister, 1984) . Concerning DPROT (see Figure 2) , three peaks were concomitant with TDCHO maxima. Although they were much shorter, two may have occurred for the same reasons as TDCHO peaks. The shortness of these peaks, compared with those of TDCHO, may simply have been a result of the high degradability of native proteins (Halemejko and Chr6st, 1986 ) measured by the Lowry assay. The preferential use of proteins by bacteria was well highlighted by Rosenstock and Simon (1993) . They established in Lake Constance (located in a temperate area) that bacteria readily used DCAA which sometimes accounted for >100% of the bacterial C demand. They also noted that a substantial fraction of DCAA was never used by bacteria. Similarly, in Lobo Reservoir (see Figure 2) , DPROT concentrations rarely decreased below 0.5 mg h 1 . This could be due to the presence of more refractory components (Keil and Kirchman, 1993 ) measured (at least partially) as proteins. Like in the case of the other parameters, the origin of the last very large peak on January 30 was uncertain (see above).
Conclusion
Lobo Reservoir sustains a high phytoplankton population whose metabolism is orientated toward carbohydrate synthesis. Because of a lack of available data from tropical ponds, it is not possible to compare our results with those for other similar environments.
The observed variations in carbohydrate concentrations seem to have been mainly due to phytoplankton, although there were large differences between the dates of phytoplankton peaks and those of TPCHO or TDCHO. The latter lasted for several weeks and were thus attributable to relatively refractory carbohydrates.
For proteins, the situation was more confused. PPROT remained at a low level, even during a bloom of Bacillariophyceae. The low correlation found suggests a low production of proteins. This was probably due to a shortage of nitrate, which is the usual limiting factor in Lobo Reservoir (Tundisi, 1977; Moraes, 1978) .
